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Introduction
The ewe is an invaluable animal model used extensively in research relevant to human and animal reproduction. Ewes have a protracted peri-implantation period that permits experimental assessment of temporal and cell-specific changes in gene expression in response to various hormones and growth factors that affect reproductive health and fertility of humans and animals.
Embryonic mortality
Estimates of embryonic death loss in sheep and most mammals are 20-40%, with two-thirds of the losses occurring during the peri-implantation period of pregnancy (Bazer and First, 1983) . The successful establishment and maintenance of pregnancy requires appropriate development of the conceptus (embryo/fetus and associated extra-embryonic membranes) for pregnancy recognition signaling resulting in maintenance of functional corpora lutea (CL) that secrete progesterone (P4), the hormone of pregnancy. Progesterone is required for establishment and maintenance of an intra-uterine environment that supports implantation, placentation and uterine functions essential for birth of healthy offspring (Spencer et al., 2004a) . Interactions among the conceptus and uterine luminal (LE), superficial glandular (sGE) and mid-to deep-glandular (GE) epithelia and stromal cells are essential to conceptus development and pregnancy recognition signaling by interferon tau (IFNT) and implantation in ruminant species. Progesterone, IFNT, placental lactogen (CSH1), prostaglandins and other secretions of the trophectoderm, are responsible for expression and secretion of genes from the endometrial epithelia that contribute to histotroph within the uterine lumen that are essential for conceptus development (Spencer and Bazer, 2004) . Individual conceptuses may fail to develop or develop abnormally due to failure to signal pregnancy recognition and/or respond to components of histotroph that orchestrate key events during the peri-implantation period for their survival, growth and development to term.
Embryonic development
Sheep embryos enter the uterus on Day 3, develop to spherical blastocysts and then, after hatching from the zona pellucida, transform from spherical (Day 10, 0.4 mm) to tubular and filamentous conceptuses between Days 12 (1 Â 33 mm), 14 (1 Â 68 mm) and 15 (1 Â 150-190 mm) of pregnancy, with extra-embryonic membranes extending into the contralateral uterine horn between Days 16 and 20 (Bazer and First, 1983 ; see Fig. 1 ). Elongation of ovine conceptuses is a prerequisite for central implantation involving apposition and adhesion between trophectoderm and uterine LE. There is a transient loss of uterine LE that allows intimate contact between trophectoderm and the endometrial basal lamina until about Day 25 when uterine LE is restored in the intercaruncular area of the endometrium (Guillomot, 1995) (Fig. 2) . All mammalian uteri contain uterine glands that produce or selectively transport a complex array of proteins and other molecules known collectively as histotroph that is required for elongation and development of conceptuses (Gray et al., 2001a; Spencer and Bazer, 2004 ). Ewes Fig. 1 . The peri-implantation of pregnancy in ewes in marked by a rapid transition of hatched blastocysts from spherical to tubular and filamentous forms in response to proteins and select nutrients secreted and/or transported into the uterine lumen, and signaling for pregnancy recognition by secretion of interferon tau (IFNT) by mononuclear cells of the trophectoderm.
lacking uterine glands and histotroph fail to exhibit normal estrous cycles and are unable to maintain pregnancy beyond Day 14 (Gray et al., 2001a; Spencer and Bazer, 2004) .
Pregnancy recognition signaling
In ruminants (including sheep, cows and goats), the antiluteolytic hormone for pregnancy recognition and maintenance of functional CL is IFNT . The secretion of IFNT by mononuclear cells of the ovine trophectoderm is developmentally regulated with onset of secretion occurring as large spherical blastocysts transition to tubular and elongated filamentous forms between Days 10 and 21 of pregnancy (Ashworth and Bazer, 1989) . There are multiple Type I IFNs that share high structural homology including interferons alpha (IFNA), beta (IFNB), delta (IFND), tau (IFNT), and omega (IFNW1). Interferon tau is unique to ruminants, whereas IFND appears to be unique to pigs and horses (Cencič et al., 2003; Cochet et al., 2009) . Interferon tau and IFNW share the highest identity with respect to biological activities and induction of interferon-stimulated genes (ISGs) in human endometrium and human cell lines.
Conceptus interferons
Ovine IFNT plays a central role in the molecular mechanisms that underlie both pregnancy recognition signaling and establishment and maintenance of pregnancy . Interferon tau silences transcription of estrogen receptor alpha (ESR1) and, therefore, ESR1-dependent expression of the oxytocin receptor (OXTR) gene in uterine LE/sGE to abrogate development of the endometrial luteolytic mechanism that requires oxytocin-induced release of luteolytic pulses of prostaglandin F 2a (PGF) by uterine LE/sGE Fig. 2) . However, basal production of PGF is actually higher in pregnant than cyclic ewes due to continued or even increased expression of prostaglandin endoperoxide synthase 2 (PTGS2). Silencing of ESR1 expression by IFNT also prevents estrogens from inducing P4 receptors (PGR) in endometrial epithelia. This is critical since the absence of PGR in uterine LE/sGE is required for implantation and for expression of genes that are P4-induced, or P4-induced and further stimulated by IFNT, in support of conceptus growth and development (Spencer et al., 2004a,b; Bazer et al., 2010 ; Fig. 2 ). Oöcytes fertilized in the oviduct oviduct enter the uterus at the morula stage, advance developmentally to blastocysts and then elongating conceptuses (embryo and its extra-embryonic membranes). B. The endometrial epithelia cease expressing receptors for progesterone (PGR) due to autoregulation by progesterone and interferon tau (IFNT) silences expression of receptors for estradiol (ESR1) and oxytocin (OXTR) to prevent oxytocin-mediated pulsatile release of prostaglandin F 2a (PGF) which prevents regression of the corpus luteum. The endometrial stromal fibroblasts express PGR and secrete progestamedins, particularly fibroblast growth factor 7 the regulates uterine epithelia cell function. With down-regulation of PGR in uterine epithelia the uterine luminal (LE) and superficial glandular epithelia express genes that are induced by progesterone and further stimulated by IFNT since interferon regulatory factor 2 (IRF2) expressed by those cells silences expression of classical interferon stimulated genes. The endometrial glandular epithelial cells (GE) and stromal fibroblasts do not express IRF2 and, therefore, the express classical interferon stimulated proteins. Collectively, molecules secreted by uterine epithelia or transported into the uterine lumen are referred to as histotroph. C. The ovine conceptus undergoes the adhesion cascade for implantation.
All Type I IFNs bind a common receptor composed of two subunits, IFNAR1 and IFNAR2, and induce classical cell signaling via the Janus activated kinases (JAKs) and tyrosine kinase 2 (TYK2) pathways, respectively (Platanias, 2005) . Type I IFNs also induce formation of signal transducer and activator of transcription (STAT1) homodimers known as gamma-activation factor (GAF) that translocate to the nucleus and bind gamma activated sites (GAS) in the promoter region of some ISGs. One GAS-regulated gene is interferon regulatory factor 1 (IRF1) which binds and activates interferon stimulated response elements (ISREs) of many ISGs. Type I IFNs induce cell signaling predominantly via ISG factor 3 (ISGF3), a STAT1:STAT2:IRF9 trimer, called ISG factor 3 gamma (ISGF3G), rather than GAF (STAT1 homodimer) because IFNT increases expression of STAT2 and IRF9 to favor formation of ISGF3 rather than GAF.
Interferon-stimulated genes (ISGs)
The complex temporal (day of pregnancy) and spatial (cellspecific) regulation of expression of IFNT stimulated genes (ISGs; see Table 1 ) has been the subject of a number of studies. This research revealed: (a) a set of genes induced by P4 and further stimulated by IFNT that are unique to uterine LE/sGE (e.g., SLC7A2, CST3, CTSL, SLC2A1, HIF2A, LGALS15) considered critical to conceptus development and implantation; and (b) classical ISGs, (e.g., STAT1, STAT2, IRF1, IRF9, ISG15, MX, OAS, RSAD2) that are not expressed by LE, but are limited to uterine GE and stromal (fibroblasts and endothelial) cells. The lack of expression of classical ISGs in LE is likely due to the presence or interferon regulatory factor 2 (IRF2) in LE/sGE that is a potent transcriptional repressor of classical ISGs . Therefore, uterine LE/sGE lack STAT1 and STAT2, as well as IRF9, that are ISGs themselves. Receptors for P4 and estradiol-17b are also absent from ovine uterine LE/sGE after Day 13 of the estrous cycle and pregnancy as P4 down-regulates expression of PGR as a prerequisite to induction of genes by P4 that are essential to conceptus development and implantation . Therefore, PGR-and STAT1-independent cell signaling pathways must be responsible for P4-induction and IFNT-stimulation of genes by uterine LE/sGE that are critical for implantation and establishment and maintenance of pregnancy. Interferon tau may induce cell signaling in ovine uterine LE/sGE that lack STAT1, STAT2 and IRF9 via mitogen activated protein kinases (MAPK) and phosphoinositide-3 kinase (PI3K) (Kim et al., 2003; Platanias, 2005) .
Role of progestamedins
Progesterone is permissive to actions of IFNT. The paradox of mammalian pregnancy is that cessation of expression of PGR and ESR1 by uterine epithelia is a prerequisite for uterine receptivity to implantation, as well as expression of genes by uterine LE/sGE and middle GE. These genes encode for secretory proteins and transport of molecules into the uterine lumen that are critical to conceptus development Fig. 3) . Downregulation of PGR correlates with loss of MUC1 on uterine LE that interferes with implantation (Carson et al., 2002; Fig. 4) . Further, Satterfield et al. (2008) reported that silencing expression of PGR in uterine epithelia allows P4 to act via PGR-positive uterine stromal cells to induce expression of progestamedins, particularly fibroblast growth factor-10 (FGF10) to exert paracrine effects on uterine LE/sGE and conceptus trophectoderm that express receptors for FGF10 (FGFR 2IIIb ) and HGF (MET; protooncogene MET) (Fig. 3 ).
Uterine adenogenesis and histotroph
Adenogenesis, the morphological differentiation and development of the uterus, is a unique postnatal event in mammals that is vulnerable to adverse effects of endocrine disrupters such as progestins and estrogens (Bartol et al., 1988 (Bartol et al., , 2006 . Alfalfa, clover and other forages consumed by grazing sheep and other ruminant species contain substances with estrogenic activity. Consequently, ewes grazing on clover pasture sometimes experience hyperplasia of endometrial glands, dystocia, prolapse of the uterus, and infertility (Lindner, 1976; Adams, 1995) . Experimentally, chronic exposure of ewe lambs to either a progestin or an estrogen has the epigenetic effect of preventing uterine adenogenesis (Bartol et al., 1988; Carpenter et al., 2003; Hayashi et al., 2004) . The result is an adult uterine gland knockout (UGKO) ewe that is unable to experience normal estrous cycles or support development of the conceptus beyond the preimplantation stage of pregnancy (Gray et al. 2000 (Gray et al. , 2001a . The conceptuses in UGKO ewes fail to undergo the transition from spherical to tubular and filamentous forms between Days 11-12 and 21 of pregnancy (Guillomot, 1995) or to secrete sufficient IFNT for pregnancy recognition signaling (Bazer et al., 1997) .
Uterine glands selectively transport or synthesize and secrete substances into the uterine lumen that are referred to collectively as histotroph (Fig. 5) . Histotroph includes nutrient transport Table 1 Transporters for glucose, cationic amino acids in uteri and conceptuses of ewes and enzymes affecting metabolism of arginine to nitric oxide and polyamines (Gao et al., 2009b,c,e proteins, ions, mitogens, cytokines, lymphokines, enzymes, hormones, growth factors, proteases and protease inhibitors, amino acids, glucose, fructose, vitamins and other substances (Amoroso 1952; Bazer 1975; Bazer et al., 2011) . The concept that uterine secretions nourish the developing conceptus was noted by Aristotle in the third century BC, William Harvey in the 17th century, and Bonnett in the 19th century (Bonnett, 1882) . Although humans have invasive implantation, histotroph is a primary source of nutrition for conceptus development during the first trimester before hematotrophic nutrition is established (Burton et al., 2002) . In sheep, as well as other livestock species including pigs and cattle, histotroph is essential to support development of the conceptus throughout pregnancy (Gray et al., 2001c)
Exogenous P4 advances elongation of ovine conceptuses and transport of select nutrients into the uterine lumen
Growth and development of the conceptus is dependent on uterine LE/sGE and middle-to-deep GE to produce histotroph in response to P4, with many of these effects of P4 likely mediated via progestamedins and IFNT (Gray et al., 2001c; Spencer and Bazer, 2004; Bazer et al., 2011) as well as prostaglandins (Dorniak et al., 2011) . A delay in the increase in circulating concentrations of P4 during metestrus and diestrus is associated with retarded conceptus development and reduced or delayed secretion of IFNT on Day 17 in cattle (Garrett et al., 1988; Kleemann et al., 1994; Mann and Lamming, 2001; Mann et al., 2006) . This adversely affects secretion of IFNT which increases coordinately with elongation of the conceptus to the filamentous form up to Days 15-16 of pregnancy (Spencer and Bazer, 2004 ).
Sheep
An ovine model of early administration of exogenous P4 at 36 h after onset of estrus, i.e., about 6 h post-ovulation, has been used to advance conceptus development and IFNT secretion in both sheep and cattle. Using this model it was found that accelerated conceptus development is associated with advanced expression of uterine genes essential for events of early pregnancy that favor survival, growth and development of the conceptus (Satterfield et al., 2006 (Satterfield et al., , 2007 Carter et al., 2008; Fig. 6 ). An early increase in circulating concentrations of P4: (1) advances the time of down-regulation of PGR in uterine epithelia and onset of secretion and abundance of IFNT in uterine flushings; (2) increases abundance of secreted proteins such as galectin 15 (LGALS15), cathepsin L (CTSL), gastrin releasing protein (GRP), stanniocalcin, and insulin like growth factor binding protein 1 (IGFBP1) by uterine LE/sGE (Gray et al., 2006; Song et al., 2005 Song et al., , 2006 Song et al., , 2008 Satterfield et al., 2006 Satterfield et al., , 2008 ; (3) increases expression of FGF10 and MET mRNA, suggesting that FGF10 is the primary uterine stromal cell-derived progestamedin stimulated by P4 ; (4) increases MET mRNA that would increase responsiveness of uterine LE/sGE to HGF and enhance conceptus development as FGFR 2IIIb and MET are expressed by both uterine epithelia and trophectoderm (Chen et al., 2000a,b; Satterfield et al., 2008) ; (5) decreases tight-junction associated proteins in uterine LE that may facilitate paracellular trafficking and/or transport of stromal and serum-derived molecules Fig. 5 . The uterine microenvironment of histotroph includes a variety of molecules that stimulate growth and development of the conceptus during the peri-implantation period and, indeed, for the duration of pregnancy in species with epitheliochorial and syndesmochorial placenta such as the pig and sheep, respectively. Fig. 4 . Down-regulation of receptors for progesterone (PGR) is a common feature of pregnancy as it allows for a decline in expression of mucin 1 (Muc-1), an increase in adhesive integrins necessary for the implantation cascade and and increase in expression of genes and proteins by uterine epithelia (Carson et al., 2002; Johnson et al., 2003; Bazer et al., 2011) . Fig. 3 . The uterine epithelia of ewes cease expression of receptors for progesterone (PGR) and estrogen (ESR1) prior to implantation of the conceptus; therefore, progesterone acts via PGR in stromal fibroblasts to stimulate secretion of progestamedins, particularly fibroblast growth factor 10 (FGF10) and hepatocyte growth factor (HGF) that acts via their respective receptors (FGFR2 IIIb and MET) to regulate gene expression by acting in concert with cell signaling pathways stimulated by placental lactogen (CSH1), placental growth hormone (GH) and interferon tau (IFNT). The trophectoderm of the conceptus also expresses receptors for FGF10 and HGF that allow it to respond to these growth factors. (Satterfield et al., 2007) ; (6) increases total recoverable glucose, aspartic acid, asparagine, serine, and alanine, glutamine and betaalanine, citrulline, arginine, and lysine in the uterine lumen on Day 9 (Satterfield et al., 2010) ; (7) increases steady-state levels of SLC2A1 and SLC5A1 mRNAs and proteins in uterine LE/sGE for glucose transport; and (8) increases steady-state levels of SLC7A2 mRNA in uterine LE/sGE for transport of cationic amino acids, particularly arginine (Satterfield et al., 2010 ).
Cattle
A series of studies with cattle have provided additional insights into effects of P4 on uterine function, embryonic survival and conceptus development. A 3-fold increase in circulating concentrations of P4 increases recovery rates of blastocysts and a 2.3-fold increase in blastocyst size on Day 13 of pregnancy (Lonergan et al., 2007; Carter et al., 2008) , as well as increasing the frequency of elongated conceptuses on Day 16 of pregnancy (Carter et al., 2008) . These effects of P4 on conceptus development appear to be mediated via the endometrium and are not direct effects on the conceptus (Clemente et al., 2009) . Early P4 treatment in cattle advances down-regulation of PGR (Okumu et al., 2010) and increases expression of genes associated with nutrient transport such as SLC5A1 (glucose transporter), nutrient availability such as DGAT2 (diacylglycerol-o-acetyltransferase for synthesis of triglycerides), MSTN (myostatin or growth/differentiation factor 8) that affects embryonic development and muscle mass, FABP (fatty acid binding protein) and CRYGS (crystalline gamma-s for development of the lens in the eye) (Forde et al., 2009 ). Forde et al. (2010) also found increases in expression of CTGF (connective tissue growth factor), LPL (lipoprotein lipase), and SLC5A1 (sodium/glucose cotransporter) mRNAs in response to high concentrations of P4 in cattle. These results indicate that P4 modifies the uterine environment by modifying the composition of histotroph to advance and enhance conceptus development (Forde et al., 2011) .
Roles of secreted phosphoprotein 1 (SPP1) in the uterus during pregnancy
Secreted phosphoprotein 1 is an extracellular matrix (ECM) protein that binds to cell surface integrins (Denhardt and Guo, 1993; Senger et al., 1994; Butler et al., 1996) . Integrins are transmembrane glycoprotein receptors composed of non-covalently bound a and b subunits that promote cell-cell and cell-ECM adhesion, cause cytoskeletal reorganization to stabilize adhesion, and transduce signals through numerous signaling intermediates (Giancotti and Ruoslahti, 1999) . SPP1 binds multiple integrins through ArgGly-Asp (RGD)-mediated or alternative integrin recognition sequences. These integrins include avb3, avb1, avb5, avb6, a4b1, a9b1 and a8b1 (Hu et al., 1995a,b; Bayless et al., 1998; Denda et al., 1998; Smith and Giachelli, 1998; Barry et al., 2000; Green et al., 2001; Yokosaki et al., 2005; Humphries et al., 2006) . Binding of SPP1 to integrins has diverse effects including cell-cell and cell-ECM adhesion and cell migration (Singh et al., 1990; Senger et al., 1994; Hu et al., 1995b; Liaw et al., 1995; Senger and Perruzzi, 1996; Denda et al., 1998; Smith and Giachelli, 1998) . SPP1 can undergo extensive post-translational modifications that affect its biological activity (Senger and Perruzzi, 1996; Kaartinen et al., 1999; Fedarko et al., 2000; Agnihotri et al., 2001; Fisher et al., 2001; Kaartinen et al., 2002; Goldsmith et al., 2002; Gao et al., 2004) and allow it to potentially bind multiple integrins to form protein complexes that bridge the conceptus to the uterus during implantation in a context that is influenced by unique integrins expressed on uterine LE and trophectoderm (Erikson et al., 2009) .
SPP1 is an emerging candidate for facilitating uterine-conceptus interactions in mammals because: (1) the SPP1 gene lies within a 95% confidence interval of a quantitative trait locus (QTL) for porcine litter size and prenatal survival (King et al., 2003; Hernandez et al., 2009 ); (2) SPP1 improves embryonic development in vitro and decreases apoptosis (Hao et al., 2008) ; (3) uterine expression of SPP1 correlates precisely with the induction of implantation, and this timing may be critical because, once induced, SPP1 secretion is maintained by uterine GE of sheep throughout pregnancy (Johnson et al., 1999a (Johnson et al., ,b, 2000 ; (4) SPP1 is a marker for uterine receptivity to implantation in humans (Carson et al., 2002; Kao et al., 2003) ; and (5) disruption of the Spp1 gene in mice increases conceptus mortality and pups are significantly smaller than wildtype pups at term (Weintraub et al., 2004) .
In sheep, SPP1 is secreted by uterine GE beginning on Day 13 of pregnancy in response to P4 (Johnson et al., 1999a (Johnson et al., ,b, 2000 , but may be present earlier as it is secreted by resident endometiral immune cells. The 45 kDa form of SPP1 is more abundant in uterine flushings from pregnant than cyclic ewes (Johnson et al., 1999a) and has high binding affinity for the avb3 integrin heterodimer (Senger and Perruzzi, 1996) . Binding of SPP1 to avb3 and possibly a5b1 integrin receptors on ovine trophectoderm cells stimulates adhesion and migration, but not proliferation (Kim et al., 2010) . Thus, SPP1 may affect cytoskeletal remodeling essential for elongation and attachment of trophectoderm cells to uterine LE/sGE during the peri-implantation period, and for focal adhesion assembly during implantation (Johnson et al., 2001 (Johnson et al., , 2003 Kim et al., 2010 ; Fig. 7) . SPP1 also stimulates MTORC1 cell signaling and migration of human trophoblast (Al-Shami et al., 2005) and ovine trophectoderm cells (Kim et al., 2010) .
Select nutrients and MTOR cell signaling in the pregnant uterus
Mammalian cell growth in general, and particularly in cells of the conceptus, is regulated by growth factors and the availability of nutrients. The mechanistic mammalian target of rapamycin (MTOR/FRAP1) cell signaling pathway plays an important role in regulation of cell growth and metabolism in response to growth factors and nutritional status to affect biological and physiological responses of cells and organs (Fig. 8) . MTOR is an evolutionarily conserved serine/threonine kinase located downstream of PI3K Fig. 6 . The importance of progesterone to uterine function and the acceleration of conceptus development is demonstrated by administration of exogenous progesterone (P4) or corn oil vehicle (CO) to ewes from 36 h after onset of estrus to either Day 9 or Day 12 of pregnancy. The effect of early P4 is to advance onset of secretion of select nutrients and growth factors that accelerate conceptus development at Days 9 and 12 of pregnancy and to advance the onset of secretion of IFNT for pregnancy recognition. and AKT1 that controls cell growth and proliferation through activation of ribosomal protein S6 kinase (RPS6K) to phosphorylate RPS6 and ultimately regulate protein synthesis (Hay and Sonenberg, 2004; Wullschleger et al., 2006) , as well as initiate mRNA translation, ribosome synthesis, expression of metabolismrelated genes, autophagy and cytoskeletal reorganization Fig. 7 . Secreted phosphoprotein 1 (SPP1) interacts with the integrin heterodimer alpha v beta 3 to induce assembly of focal adhesions involving talin followed by recruitment of alpha actinin (ACTN) only at sites of implantation during implantation in ewes. Fig. 8 . Select nutrients such as L-arginine, insulin-like growth factor 2 (IGF2) and secreted phosphoprotein 1 (SPP1) can induce cell signaling via the AKT1/mTORC1/mTORC2 pathways to affect cell proliferation, cell migration, mRNA translation and cytoskeletal remodeling that are critical to growth and development of conceptuses. (Kim et al., 2002) . The MTOR pathway is a ''nutrient sensing system'' stimulated by molecules that include SPP1, insulin-like growth factor 2 (IGF2), glucose and selected amino acids (Nielsen et al., 1995; Kimball et al., 1999; Martin and Sutherland, 2001; Martin et al., 2003; Kim et al., 2008) to support blastocyst/conceptus development. Homozygous Frap1 null mice die shortly after implantation due to impaired cell proliferation and hypertrophy in both the embryonic disc and trophoblast (Murakami et al., 2004) .
The MTOR cell signaling pathway is a prominent component of the peri-implantation intra-uterine environment in sheep. Progesterone and IFNT stimulate expression of RHEB and EIF4EBP1 in ovine uterine endometria, resulting in increased abundance of mRNAs for RICTOR, RHEB and EIF4EBP1, as well as RHEB protein which is coordinate with rapid growth and development of ovine conceptuses during the peri-implantation period (Gao et al., 2009f) . The abundance of LST8, MAPKAP1, RHEB and EIF4EBP1 mRNAs in ovine conceptuses during early pregnancy increases coincident with their growth and development (Gao et al., 2009f) , and MTORC1 is abundant in the cytoplasm and phosphorylated MTOR is particularly abundant in the nuclei of trophectoderm and endoderm cells (Kim et al., 2011a) . Our recent research with pregnant and cyclic ewes has focused on the presence of select nutrients, amino acids and glucose, in uterine histotroph that affect MTOR cell signaling (Fig. 8) , as well as expression of transporters for glucose and arginine and enzymes affecting metabolism of arginine (Table 1) .
Select nutrients, nutrient transporters and components of the nitric oxide (NO) pathway
Our research with pregnant and cyclic sheep indicates that total recoverable glucose, arginine, leucine, glutamine, as well as other amino acids, and glutathione, calcium and sodium are more abundant in uterine fluids of pregnant than cyclic ewes between Days 10 and 16 after onset of estrus (Gao et al., 2009a) . Therefore, we determined tissue and cell-specific expression of select facilitative (SLC2A1, SLC2A3 and SLC2A4) and sodium-dependent glucose transporters (SLC5A1 and SLC5A11) (Gao et al., 2009b) , cationic amino acid transporters (SLC7A1, SLC7A2 and SLC7A3) (Gao et al., 2009c) , neutral ( SLC1A4, SLC1A5, SLC3A1, SLC6A14, SLC6A19,SLC7A8, SLC38A3, SLC38A6, SLC7A8 and SLC43A2), and acidic amino acid transporters (SLC1A1, SLC1A2 and SLC1A3) (Gao et al., 2009d) . Among these genes, SLC2A3 and SLC7A6 were detectable only in trophectoderm and endoderm of conceptuses. The abundance of mRNAs for SLC2A1, SLC2A4, SLC5A1, SLC5A11, SLC7A1, SLC7A2, SLC1A4, SLC1A5, SLC43A2 and SLC1A3 in ovine uterine endometria vary according to day of the estrous cycle and early pregnancy. Expression of mRNAs for SLC1A5, SLC2A1, SLC5A11 and SLC7A1 in endometria was induced by P4 and further stimulated by IFNT. Collectively, results of our studies indicate the presence of the mRNAs and proteins associated with both MTORC1 and MTORC2 cell signaling in the ovine uterus and conceptus, as well as nutrient transporters that account for increased transport of arginine, leucine, glutamine and glucose into the uterine lumen and conceptuses.
The effects of the estrous cycle, pregnancy, P4 and IFNT on expression of nitric oxide synthase (NOS1, NOS2A and NOS3), GTP cyclohydrolase (GCH1), and ornithine decarboxylase 1(ODC1) were also examined in sheep conceptuses and uteri. Both NOS1 and ODC1 are expressed by uterine LE/sGE while NOS3 is most abundant in conceptus trophectoderm and endoderm (Gao et al., 2009e) . Expression of GCH1 for synthesis of tetrahydrobiopterin, the cofactor for all NOS isoforms for NO production, ODC1 and NOS1 is more abundant in conceptuses than endometrial cells (Gao et al., 2009e) . Progesterone stimulates expression of NOS1 and GCH1, while IFNT inhibits expression of NOS1 (Gao et al., 2009e) . Therefore, key molecules for metabolism of arginine (NOS2, NOS3), and ornithine (ODC1) are present to account for production of NO and polyamines that affect growth and development of the conceptus.
MTOR cell signaling activated by SPP1 and integrins
Attachment and migration of trophectoderm cells, hallmarks of conceptus implantation in mammals, are unique uterine events. Secreted phosphoprotein 1 in the uterus binds integrins on conceptus trophectoderm and uterine LE to affect cell-cell and cellmatrix interactions. SPP1 induces motility in human trophoblast cells through MTOR signaling (Al-Shami et al., 2005) and rapamycin inhibits F-actin reorganization and phosphorylation of focal adhesion proteins stimulated by IGF1 such as focal adhesion kinase (FAK) (Liu et al., 2008) . These results suggested a role for SPP1-induced MTOR complex signaling in key events of pregnancy. Therefore, we identified relationships and crosstalk between multiple membrane and intracellular cell signaling cascades activated by SPP1, including MTOR, and integrin binding to ovine trophectoderm cells that control cell proliferation, migration, attachment and adhesion in conceptuses during the peri-implantation period of pregnancy (Kim et al., 2010) . Results of these studies demonstrated that SPP1 binds avb3 and possibly a5b1 integrin heterodimers to induce focal adhesion assembly, a prerequisite for adhesion and migration of trophectoderm cells, through activation of: (1) P70S6K via crosstalk between FRAP1/MTOR and MAPK pathways; (2) MTOR, PI3K, MAPK3/MAPK1 (ERK1/2) and MAPK14 (P38) signaling to stimulate trophectoderm cell migration; and (3) focal adhesion assembly and myosin II motor activity to induce migration of trophectoderm cells (Kim et al., 2010) . These cell signaling pathways, acting in concert, mediate adhesion, migration and cytoskeletal remodeling of trophectoderm cells essential for expansion and elongation of conceptuses and attachment to uterine LE for implantation.
Pathways for arginine-mediated effects on proliferation and migration of ovine trophectoderm cells
Arginine is most stimulatory to proliferation, migration and protein synthesis in an established ovine trophectoderm cell line (Kim et al., 2011a,b) ; therefore, pathways whereby arginine mediates it effects in ovine trophectoderm cells were studied in greater detail. The major findings were that arginine: (1) increases phosphorylation of RPS6K in a dose dependent manner with maximum effects at 0.2 mM; (2) increases phosphorylated forms of AKT1, RPS6K and RPS6 over basal levels within 15 min and the effect is maintained to 60 min; (3) increases nuclear phosphorylated RPS6K and cytoplasmic phosphorylated RPS6 within 30 min; and (4) stimulates proliferation and migration of trophectoderm cells (Kim et al., 2011a) . Further, phosphorylation of RPS6K and RPS6 is blocked by inhibitors of both PI3K and MTOR cell signaling, L-arginine, but not D-arginine, activates MTOR cell signaling via phosphorylation of RPS6K and RPS6 (Kim et al., 2011b) .
Experiments were also conducted to determine whether effects of arginine on cell proliferation are due to its metabolism to NO via NOS1/NOS2 or due to its metabolism by arginase to ornithine which is converted by ODC1 to polyamines (putrescine, spermidine and spermine) (Kim et al., 2011c; Fig. 9 ). Two NO donors, S-nitroso-N-acetyl-DL-penicillamine (SNAP) and diethylenetriamine NONOate (DETA), increased proliferation of Tr cells as did putrescine, a polyamine. Both L-NAME (NOS inhibitor to reduce NO) and nor-NOHA (arginase inhibitor to block synthesis of putrescine) decreased trophectoderm cell proliferation. Therefore, both NO and polyamines can stimulate proliferation and migration of trophectoderm cells, but neither of the inhibitors of arginine metabolism fully suppress effects of arginine. Arginine may act via other cell signaling pathways, such as Rac activation (Hernandez-Negrete et al., 2007) , to stimulate cell proliferation and migration. Arginine can also activate mitogen-activated protein kinase/extracellularsignal-regulated kinase (MEK/ERK) signaling, but the mechanism(s) whereby arginine acts on mammalian cells to activate MTORC1/MTORC2 and/or MEK/ERK remains to be determined (Yan and Lamb, 2011) .
Response of ovine conceptus explant cultures to select nutrients
Due to the possibility that trophectoderm cells in culture may have an altered phenotype, effects of select nutrients were evaluated using Day 16 sheep conceptus explant cultures. The culture medium was supplemented with arginine, leucine, glutamine or glucose to assess their differential effects on expression of mRNAs and total and phosphorylated forms of proteins in the MTOR cell signaling pathway, as well as translation of mRNAs for key proteins associated with conceptus development and pregnancy recognition signaling. The abundance of transcripts for MTOR, RPS6K, RPS6, EIF4EBP1, NOS1 (neuronal), NOS2 (inducible), NOS3 (endothelial), GCH1, ODC, and IFNT in conceptuses in control and in nutrient-supplemented medium was determined (Kim et al., 2011c) . Only conceptuses treated with arginine had increased expression of GCH1 mRNA. However, compared with the control conceptus explant cultures, arginine increased total and phosphorylated forms of MTOR, RPS6K, RPS6 and EIF4EBP1. Arginine also increased IFNT, ODC1, NOS2 and NOS3 proteins. Leucine increased total and phosphorylated forms of MTOR, RPS6K, RPS6 and EIF4EBP1, but did not affect the abundance of IFNT, ODC1, NOS2, NOS3 and GCH1 proteins in conceptuses. Glucose stimulated the abundance of total and phosphorylated forms of the MTOR cell signaling pathway proteins, as well as ODC1, NOS2 and GCH1 proteins. Glutamine increased total and phosphorylated forms of RPS6, RPS6K, and EIF4EBP1 proteins, but only the nonphosphorylated form of MTOR. Further, glutamine did not increase expression of ODC1, NOS2 and GCH1 proteins, but did increase the abundance of NOS3 (Kim et al., 2011c) . These results indicate that arginine-induced cell signaling via MTORC1 stimulates secretion of IFNT. With P4 being permissive, IFNT increases expression of cationic amino acid transporters to deliver more arginine into the uterine lumen to enhance conceptus development and secretion of IFNT.
In vivo effects of arginine on successful outcomes of pregnancy
The critical roles of arginine in reproduction, based on results of both experimental and clinical studies, indicate that it is a nutritionally essential amino acid for survival of the conceptus, as well as growth and development of the embryo/fetus and neonate . Recognition of the importance of arginine in survival and growth of the conceptus led to development of treatment protocols to determine whether arginine increases successful pregnancy outcomes in animals and humans (see Wu et al., 2009) . Dietary supplementation with Arg-HCl increases fetal survival in gilts (Mateo et al., 2007) , as well as embryonic survival and litter size in rats (Zeng et al., 2008) . In a ewe model of both undernutrition-induced and naturally-occurring intra-uterine growth retardation, intravenous administration of Arg-HCl enhanced fetal growth (Lassala et al., 2009 (Lassala et al., , 2011 . Also, in women with intrauterine growth retardation of their fetus at week 33 of gestation, daily intravenous infusions of arginine increased birth weight at term (Xiao and Li, 2005) .
Summary and conclusions
This review has focused on the critical role of uterine endometrium, i.e., LE/sGE and middle-to-deep GE, and their secretions for normal conceptus development, as well as the vulnerability to disruption of uterine adenogenesis by environmental estrogens and progestins that leads to altered fetal development. It has provided evidence that SPP1 and select nutrients, such as arginine, activate the MTOR nutrient sensing pathway and focal adhesion assembly necessary for growth, development and differentiation of the trophectoderm during conceptus development, implantation and establishment and maintenance of pregnancy. Early exogenous P4 accelerates blastocyst/conceptus growth and development, increases total amounts of select nutrients, such as arginine and glucose, in the uterine lumen, induces early downregulation of PGR in uterine epithelia, and advances onset of secretion of IFNT for pregnancy recognition signaling. Thus, humans and animals that experience an early post-ovulation increase in circulating P4 may have an increased rate of reproductive success. It is clear that advances in transport of select nutrients, particularly arginine and glucose, and secretion of various proteins, including SPP1, by uterine LE/sGE and GE enrich uterine histotroph in to advance conceptus development. Inappropriate exposure of the uterus to environmental estrogens or from hyperstimulation of the ovaries in assisted reproductive technologies increases expression of PGR in uterine epithelia which decreases expression of genes critical to conceptus development and successful pregnancy outcome. Future research will determine whether P4 supplementation translates into increased reproductive success and whether dietary supplementation with select nutrients such as arginine increase successful pregnancy outcomes in animals and humans. Fig. 9 . L-Arginine can affect proliferation and migration of ovine trophectoderm cells by being converted to nitric oxide (NO) by nitric oxide synthase (NOS) or by being converted to L-ornithine by arginase with ornithine then being converted to polyamines by ornithine decarboxylase. Inhibition of NOS with L-NAME and arginase with Nor-NOHA decreases the stimulatory effects of L-arginine on proliferation and migration of ovine trophectoderm cells.
